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Abstract A novel high-resolution (2–4 m source and receiver
spacing) reflection and refraction seismic survey was carried out
for aquifer characterization and to confirm the existing deposi-
tional model of the interlobate esker of Virttaankangas, which is
part of the Säkylänharju-Virttaankangas glaciofluvial esker-chain
complex in southwest Finland. The interlobate esker complex
hosting the managed aquifer recharge (MAR) plant is the source
of the entire water supply for the city of Turku and its surround-
ingmunicipalities. An accurate delineation of the aquifer is there-
fore critical for long-term MAR planning and sustainable use of
the esker resources.Moreover, an additional target was to resolve
the poorly known stratigraphy of the 70–100-m-thick glacial
deposits overlying a zone of fractured bedrock. Bedrock surface
as well as fracture zones were confirmed through combined re-
flection seismic and refraction tomography results and further
validated against existing borehole information. The high-
resolution seismic data proved successful in accurately delineat-
ing the esker cores and revealing complex stratigraphy from fan
lobes to kettle holes, providing valuable information for potential
new pumping wells. This study illustrates the potential of geo-
physical methods for fast and cost-effective esker studies, in
particular the digital-based landstreamer and its combinationwith
geophone-based wireless recorders, where the cover sediments
are reasonably thick.
Keywords Esker architecture . Landstreamer .
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Introduction
Eskers, defined as stratified sediments of gravel and sand de-
posited by glacial melt-water streams (Banerjee and
McDonald 1975; Shreve 1985; Hebrand and Åmark 1989;
Gorrell and Shaw 1991; Warren and Ashley 1994; Huddart
et al. 1999; Brennand 2000), are hydrogeological settings of
great significance in areas that have undergone glaciation such
as in Finland, Sweden, the British Isles, USA and Canada.
They are remarkable aquifers that are often used also for con-
struction aggregates, thus an accurate understanding and sub-
surface delineation of the large-scale structures as well as
hydrogeological units within these precious groundwater res-
ervoirs is essential for their environmental and economic us-
age (Boucher et al. 2015; Nadeau et al. 2015). Eskers host
marked groundwater aquifers and sites for managed aquifer
recharge (MAR) plants for groundwater production (Artimo
et al. 2010; Jokela and Kallio 2015).
Eskers are also associated with tunnel channels (or tunnel
valleys) which are the erosive expression of channelized sub-
glacial water flows and often truncate subglacial bedforms
and/or till (Burke et al. 2012). A few exceptionally large es-
kers, like the Säkylänharju-Virttaankangas complex in south-
west Finland, are attributed to time-transgressive deposition
within an interlobate joint between two differently behaving
ice streams (Punkari 1980; Kujansuu et al. 1995; Mäkinen
2003a). Interlobate esker complexes are extensive and are
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characterized by up to 100-m-thick glacial sediments compris-
ing of large-scale depositional units with a wide range of in-
ternal structures. Therefore, these complexes demand deep
penetrating investigation methods that can provide a link be-
tween bedrock surface topography and large-scale esker ele-
ments in order to reliably model hydrogeological units as well
as the related groundwater flow.
An efficient way to recharge aquifers for environmental or
economic benefits such as providing fresh water supplies for
entire communities (Bouwer 2002; Dillon 2005), MAR appli-
cations benefit from increasing multidisciplinary studies that
combine geophysical methods and hydrogeology aspects
(Rossi et al. 2014; Ulusoy et al. 2015). Near-surface geophys-
ical methods have routinely been used for engineering, geo-
technical, environmental or hydrogeological applications
(Telford et al. 1990; Sheriff and Geldart 1995), but in the last
30 years the high-resolution reflection seismic method, the
primary choice for hydrocarbon exploration, has also been
employed for near-surface investigations (Steeples and
Miller 1988); several case studies attest their effectiveness
(Miller et al. 1989; Baker et al. 2000; Juhlin et al. 2002;
Pugin et al. 2004a; Schmelzbach et al. 2005; Sloan et al.
2007; Malehmir et al. 2013a, b). Seismic methods (refraction
and reflection), like other geophysical methods, are non-
invasive and provide an efficient tool for delineating shallow
(<150 m) yet heterogeneous, geologically complex targets
such as groundwater reservoirs, aquifers and structures
hosting or controlling their locations (Pullan et al. 1994;
Bradford 2002; Sharpe et al. 2003; Huuse et al. 2003;
Francese et al. 2005; Giustiniani et al. 2008; Burke et al.
2008; Pasanen 2009; Comas et al. 2011). There is a gradual
shift towards acquiring high-resolution seismic data, in partic-
ular within unconsolidated or normally consolidated sedi-
ments, by employing fast and cost-effective methods such as
seismic landstreamers (van der Veen and Green 1998; van der
Veen et al. 2001; Huuse et al. 2003; Pugin et al. 2004a, b,
2009a, b; Almholt et al. 2013).
Continuous developments in the acquisition systems
and sensor types have led to landstreamers being employed
for numerous near surface investigations, including
groundwater and glacial landform studies, proving their
time- and cost-effective acquisition with high data quality.
By definition, a landstreamer is an array of seismic sensors
that can be towed behind a vehicle without the need for
planting the sensors (Kruppenbach and Bedenbender
1975). While most landstreamers use geophones (analogue
systems) for data acquisition, a newly developed advanced
MEMs-based (micro-electro mechanical) broadband seis-
mic landstreamer (Brodic et al. 2015; Malehmir et al.
2015a, 2015b, 2016a, 2016b) was employed in this study
for delineating subsurface structures of a major interlobate
esker system and a MAR aquifer in Virttaankangas, in the
southwest of Finland.
Prior to this study, in 2011, a pilot test of employing a
seismic landstreamer was conducted at Virttaankangas using
geophones (Pugin et al. 2014) indicating the applicability of
the method, but with some uncertainties in separation of boul-
dery esker deposits, diamictons and bedrock facies. The main
objective of this study is to test the applicability of the newly
developed MEMs-based landstreamer (Brodic et al. 2015) as
an advanced seismic method for aquifer characterization with-
in complex glaciofluvial deposits with thick (10–40 m) dry
sediments above the water table. The present study focuses on
the coarse-grained glaciofluvial hydrogeological unit that
forms the main Virttaankangas esker aquifer (Artimo et al.
2003) within the MAR plant area. The main aquifer includes
the boulder-rich esker core (50–150 m wide) that has a high
hydraulic conductivity—10−4 to 100 m/s for the whole coarse-
grained unit (Artimo et al. 2003) and is the target for pumping
station locations.
The seismic data were expected: (1) to help locate the high
hydraulic conductivity esker core and its stratigraphic position
within the fractured bedrock zone, including bedrock overlay-
ing diamictons, (2) to delineate large-scale architectural esker
elements (esker core, fan lobe channels) within the coarse-
grained hydrogeological unit of the MAR plant, (3) to define
large-scale deformation structures (morphologically undetect-
able kettle holes, MUKHs) and their bedrock contact (influ-
ence on MAR residence times and groundwater flow paths),
and (4) to characterize the lateral relationships of the esker
elements and the underlying bedrock surface. In addition,
one of the two seismic profiles, profile 2, was designed to
accurately delineate the esker core for locating new pumping
stations within the widest and structurally most complicated
part of the coarse-grained unit. This is the first case study
where an advanced high-resolution seismic landstreamer sur-
vey has been utilized for aquifer characterization and valida-
tion of the hydrogeological properties within an interlobate
esker system. Results illustrate the potential of the combined
refraction and reflection methods for these purposes.
Study area
Field area
The Säkylänharju-Virttaankangas (S-V) glaciofluvial com-
plex forms a part of the 150-km-long Koski-Pori esker chain
in southwest Finland (Fig. 1). The Virttaankangas plain hosts
an operational MAR plant that provides a potable water re-
source for over 300,000 inhabitants within the Turku city re-
gion (Artimo et al. 2003, 2008). The MAR plant consists of
several infiltration ponds and pumping stations as well as nu-
merous observation wells at strategic locations within the es-
kers elements (e.g. Fig. 2) that provide groundwater levels and
lithological characterization with bedrock information at
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scattered locations. A finite-difference (grid-type) groundwa-
ter flow model within an area of 80 km2 includes the descrip-
tion of the geometry of the hydrogeological units (Fig. 3). The
flow parameters of the coarse-grained unit studied herein have
been described in more detail than within the rest of the model
(A. Artimo, Turku Region Water Ltd, personal communica-
tion, 2016). The flowmodel incorporates a depositional model
of the esker verified with infiltration and pumping tests as well
as tracer tests including oxygen isotopes of infiltrated water.
The depositional model is based on extensive ground penetrat-
ing radar (GPR) surveys (21 km) supported by reference data
from boreholes and exposed gravel/sand pits (Artimo et al.
2010). Bedrock topography is provided by a rough modeling
of a network of gravity data points (Valjus 2006). The
Fig. 1 Virttaankangas study area near the city of Turku and the location
of the seismic profiles (profiles 1 and 2), main esker core, Löytäne
tributary esker, Myllylähde spring and fractured bedrock zone. The
extent of the MAR plant area with infrastructure (observation wells and
infiltration pools) and the coarse-grained unit provided by Turku Region
Water Ltd. The index map groundwater areas © Finnish Environment
Institute (2016), coastline and water bodies © NLS (2016).The map of
superficial deposits of Finland © Geological Survey of Finland and the
base map and LiDAR © NLS (2010)
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depositional environments and related depositional stages dur-
ing the last deglaciation as well as related main hydrogeological
units have been studied earlier by several authors (Artimo et al.
2003; Mäkinen 2003a, b; Mäkinen and Räsänen 2003). The
two survey profiles in this study were targeted to delineate the
most complex parts of the coarse-grained hydrogeological unit
(Fig. 1).
Geological setting and three-dimensional geologic model
The Säkylänharju-Virttaankangas (S-V) glaciofluvial com-
plex is situated on the Precambrian Svecofennian basement
of igneous and metamorphic rocks (1,750–1,900 Ma) located
10–15 km southeast of the basement contact with the younger
Jotnian Satakunta sandstones (1,200–1,500 Ma; Korsman
et al. 1997). The Säkylänharju main ridge is about 1–2 km
wide with a summit (Porsaanharju) rising close to the ancient
highest shoreline. The main ridge gradually decreases in
Fig. 2 Main esker architecture
elements and MAR plant
infrastructure in relation to the
main bedrock fracture in the
vicinity of seismic profile 1 in the
eastern part of Virttaankangas.
The hydraulic importance of the
large-scale cross-bedded fan lobes
is depicted by their impact on
flow direction of the infiltrated
water and related residence times
due to the dip of the cross beds as
seen in one of the infiltration
areas. Bedrock elevation contours







Fig. 3 Themain 3-D hydrogeological units of the Virttaankangas aquifer
(From: Artimo et al. 2010). The esker core is contained within the
glaciofluvial coarse-grained unit. MUKH structures are treated as a sep-
arate unit. Red dashed line in the bottom unit represents fractured bedrock
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height into Virttaankangas, a 5 km fan-like plain in the south-
east (Fig. 1.) The core of the main esker is connected to the
smaller 10–15-m-thick core of the Löytäne tributary esker
(aquifer) in the northwestern end of the MAR plant area.
The tributary esker sediments route the groundwater flow to-
wards the Myllylähde spring (discharge ca. 2,500 m3/day) in
the southwest side of the glaciofluvial complex. The
glaciofluvial sediments have a thickness of 10–40m, reaching
over 70 m in some places. A major fractured bedrock zone of
about 200–300 m wide and 45–80 m deep has been inferred at
Virttaankangas in NNW–SSE orientation (Fig. 1). The esker
core and fan sediments turn to follow the fracture zone to-
wards the south, but the stratigraphy of the zone is not ade-
quately described. A few deep boreholes (e.g. VI596) within
the fracture zone display poorly hydraulically conductive
diamicton below the esker core.
The Säkylänharju main ridge formed in a large
interlobate ice-marginal embayment (as subaqueous cre-
vasse deposits) of the deglacial Yoldia Sea Phase and
was altered by intense shoreline erosion during the rapid
glacio-isostatic land uplift (Mäkinen 2003a, b). The
coarse-grained parts of the main esker ridge have been
levelled less by the shore erosion, leading to only 1–3-
m-thick littoral sand and gravel deposits in contrast to
the surrounding plain. The wide eastern part of the
plain, that covers sandy and fine-grained glaciofluvial
sediments, is composed of postglacial shore deposits
(5–20 m thick) formed during a spit-platform develop-
ment in the Ancylus Lake phase of the ancient Baltic
Sea (Mäkinen and Räsänen 2003).
The internal architecture of the Virttaankangas area in-
cludes the coarse-grained and continuous subglacially formed
esker core covered by ice-marginally deposited overlapping,
successive esker fans (Mäkinen 2003b). These fans show
large cross-bedded fan lobe structures, laterally fining and
upward coarsening sequences, as well as large-scale deforma-
tion often related to MUKH structures (Mäkinen 2003b) that
well delineate the path of the esker core (see Fig. 2). Figure 4
shows a conceptual 3D model of the area with simplified
geology and internal architecture of the esker elements based
on earlier GPR surveys supported with borehole data, sedi-
ment exposures and hydrogeological data. However, the GPR
data are restricted to the topmost 20 m. Some of the deposi-
tional features (fan lobe channels, a MUKH structure and the
bouldery esker core) are illustrated through field photos
(Fig. 5) from an aggregate pit in the vicinity of the main esker
core. MUKH structures were formed when buried blocks of
ice melt and subsequently the holes were filled with collapsing
esker fan sediments and shore deposits. Especially large
MUKH structures beside the esker core have been interpreted
to extend down to bedrock (Artimo et al. 2010). Finally, the
fan and kettle hole morphology have been levelled by intense
erosion (10–20 m) due to shoreline processes. The large
MUKH structures with often fine-grained margins have
marked influence on groundwater flow properties and are thus
treated as separate sedimentological units in the groundwater
flow model (Artimo et al. 2003, 2010). Moreover, MUKH
structures have been used to create reverse gradients between
infiltration ponds and pumping stations. The connection of the
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Fig. 4 Schematic model of the




esker fans with distinct fan lobe
channels, while yellow color
refers to fan bottom fine-grained
sediments. MUKH refers to
morphologically undetectable
kettle hole. The model is based on
GPR surveys with reference data
from pit exposures and boreholes.
The main components of the
MAR plant (pumping wells and
infiltration ponds) are included
with the directions of infiltrated
water flow in relation to the main
esker elements. Bedrock (in
black) is based on gravity
modelling and boreholes
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cores is still poorly known, but it forms a marked widening of
the coarse-grained hydrogeological unit. This widening is also
associated with a secondary esker enlargement on the eastern
side of the main core. The proximal part of the enlargement is
situated on the main Säkylänharju ridge (ice-marginal cre-
vasse deposits), whereas the distal part is composed of mostly
fine-grained sediments below the shore deposits of the
Virttaankangas plain (Mäkinen 2003b).
Methods
Seismic data acquisition
The seismic survey consisted of two seismic profiles (profiles
1 and 2), each about 1 km long, in the proximity of the water
company infiltration pools (Figs. 1 and 2). Profile 1 was set up
along a sandy road, roughly in NW–SE direction (Fig. 2).
With a similar set-up, orientated in SW–NE, profile 2 was
surveyed on a sandy road, 200 m away from profile 1, next
to an old open pit, but continued on a trail in the forest on
loose sandy sediments. Figure 6 shows two photos illustrating
the data acquisition and field conditions along profile 2. The
profile locations were designed to intersect the estimated esker
core positions (profiles 1 and 2), to reveal the esker stratigra-
phy in the fractured bedrock (profile 1), and to illustrate the
cross-sectional structure of the main esker aquifer (profile 2).
Sercel Lite 428 data acquisition system and a newly devel-
oped 200 m-long landstreamer comprising of 80-3C (three
component) MEMs sensors (Brodic et al. 2015) were used
for the data acquisition. 3C sensors record the wave motion
along three axes, one vertical and two horizontal, where the
horizontal components are in-line relative to the sensor array,
and cross-line (perpendicular) to the sensor array, respective-
ly; the sensor array is set up in the in-line direction. The array
consisted of, at the time of the survey, four segments each
containing 20 sensors; in one segment sensors were spaced
4m apart and in the other three they were spaced at 2m. Easily
towed by a 4 WD vehicle (Fig. 6), the landstreamer array was
moved until the desired survey length was covered. In order to
account for the low fold at the end points of each segment, 51
single component wireless sensors connected to 10-Hz geo-
phones were deployed along the profiles, spaced at about ev-
ery 20 m. The landstreamer system and the acquisition unit
used to acquire the data use GPS time for time sampling and
time stamping; hence, it allows them to be merged at later
times with wireless recorders that operate in a passive mode
(continuous recording).
The same geometry spread was used for both seismic re-
fraction and reflection data. Seismic energy was generated
using a Bobcat-mounted 500-kg drop-hammer (Place et al.
2015), with three shot records per location in order to provide
high signal-to-noise ratio after the vertical stacking of the re-
peated shot records. Given the nature of the source, only the
vertical component data were used in the present study. The
shot spacing was kept 4 m for both profiles and the energy
source proved to be a good choice despite the dry and uncon-
solidated glacial sediments that can highly attenuate the seis-
mic response. Shallow reflections are identifiable in most shot
gathers, implying that the source was optimal for this survey.
Fan lobe channels MUKH structure Bouldery esker core
a) b) c)
Fig. 5 Field photos from an aggregate pit in the vicinity of the main esker
core that show typical elements found in the internal architecture of an
esker system; similar landforms to the ones interpreted and discussed later
in the paper: a fan lobe channels; b typical MUKH structure; c bouldery


























Fig. 6 Field conditions during the seismic survey (July 2014). Bobcat
mounted drop-hammer (500 kg) was used to generate seismic energy at
every shot location (only fired close to the streamer sensors). Inset shows
a photo of the streamer while moving to a new position in a forest track
with uneven and loose sediments along part of profile 2. The wireless
recorders (10–20 m apart) connected to 10 Hz geophones were spaced
along the landstreamer array and fixed for the whole profile. Photos by
Alireza Malehmir
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The key acquisition parameters are summarized in Table S1 of
the electronic supplementary material (ESM). Figure 7 shows
two examples of shot gathers, after vertical stacking of the
repeated shot records, from each profile. Most shot gathers
have excellent data quality, except at a few places along pro-
file 2 in the forest track (likely due to bad sensor coupling);
water pumps along the forest tracks also generated noise at
times during the acquisition.
Refraction and reflection data imaging
Data processing started with refraction seismic tomography
given the quality of the first breaks particularly at far offsets.
First breaks were picked automatically and manually corrected
where needed. Refraction tomography was carried out using a
diving-wave (or turning-ray) first break tomographic inversion
method (Tryggvason et al. 2002) using cells of 2 and 1 m in
horizontal and vertical directions; in the lateral direction cells
were kept large to force the model to look 2D although the
modeling uses a 3D algorithm for travel time calculations. For
details about the tomographic velocity models, readers are re-
ferred to Table S1 and Fig. S1 of the ESM. The wireless sensors
spaced along the entire length of each profile allowed the
energy from the refracted waves to be recorded as far as
1 km notably improving both the investigation depth for the
refraction tomography and the fold coverage at depth for the
reflection data.
For the reflection data processing, a simple and conven-
tional algorithm was chosen to avoid generating processing
artefacts (Black et al. 1994; Steeples and Miller 1998). The
algorithm is based on signal enhancement in the pre-stack data
and CMP (common midpoint; 2-m spacing) stacking after
normal moveout corrections. The most crucial processing step
was the velocity analysis given the deep underground water
table (about 20–50 m below ground level in some places),
subsurface heterogeneity (subaqueous channels, kettle holes)
and dipping bedrock in the study area. Indications of water-
table reflections were noticeable in some shot gathers like the
ones shown in Fig. 7 (the top red arrow). The seismic reflec-
tion processing flow is detailed in Table S2 in the ESM. In
conjunction with the seismic survey a test was also conducted
where plantedMEMs sensors were placed next to the streamer
sensors in order to check whether the landstreamer sensors
had reliable and consistent travel time phases with the planted
ones (Brodic et al. 2015). Checking the phase and amplitude
of data was crucial for both reflection and refraction imaging
but also for future studies using the landstreamer.
The heterogeneity within the sediments and bedrock undu-
lations made the reflection imaging quite challenging particu-
larly with the velocity analysis. It appeared that one set of
reflections was very shallow (i.e. above water table) and an-
other one was focused on the bedrock surface and the struc-
tures in its immediate vicinity. An approach tested before
(Miller and Xia 1998; Juhlin et al. 2010; Malehmir et al.
2013a; Place et al. 2015) was to combine two different sets
of reflections, by generating a stack focusing on very shallow
reflections and another one focusing on bedrock reflections or
below the water table. This gave the best results for profile 1
where 10–20 m deep shallow structures could be identified.
Data interpretation procedure
The interpretation of seismic reflections and their scale is guided
by the hydrogeological units and more specifically the reference
depositional model for the coarse-grained unit, which is based on
previous studies (Fig. 3). This reference model forms also the
base for the understanding of the groundwater environment and
related flowmodel. The referencemodel shows three basic large-
scale esker elements: esker core (glaciofluvial coarse-grained
unit),MUKH structures (separate unit) and large-scale cross-bed-
ded fan lobe channels (Baker 1973; Theakstone 1976) deposited
towards the esker margins (glaciofluvial fine-grained unit). In
addition to these, the remaining stratified esker sediments form
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Profile 1 Profile 2
Fig. 7 Example raw shot gathers (after vertical stacking of the repeated
shot records) and apparent velocities from a profile 1 and b profile 2. The
red arrows indicate distinct reflections identifiable already in the raw
data. The wireless sensors are noticeable at far offsets and tend to be in
general noisier and have lower frequency content; however, the first
breaks are identifiable almost on all traces. Note that for display
purposes the offset distance between receivers is not scaled
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hydrogeological features that affect the artificial recharge and
groundwater flow within the MAR plant. The main reflection
patterns identified from the 2 km of seismic reflection data can
be interpreted as large-scale seismic facies (Fig. 8). The more
detailed interpretation of the stratified esker fan sediments is
inhibited by the resolution of the seismic data in relation to the
small-scale complexity of the sediments. The interpretation of the
elements or the seismic facies forms the basis for the zonation of
the coarse-grained unit, which is relevant for the more detailed
hydrogeological model.
Results and interpretations
Water table and bedrock surface
The results of seismic refraction tomography along the two
lines are shown in Fig. 9. Available boreholes near (ca. 5–
10 m) the profiles are projected into the tomography sections
for comparison. The subsurface is characterized by rapid verti-
cal velocity gradients where the water table is remarkably deep.
Soft and dry unconsolidated sediments, like sand-dominated
littoral deposits (1–10 m thick), are characterized by a low
velocity (ca. 500 m/s) in the first few meters below the land
surface. When the sediments become saturated (below water
table or its vicinity) the seismic velocity makes a large increase
to 1,500–1,800 m/s, which is typical for sandy or silty sedi-
ments (e.g., Malehmir et al. 2013a; Salas-Romero et al. 2016).
During the preparation of the seismic data, a clear reflection
of about 500 m/s consistently appeared at shallow depths on
most shot gathers after direct arrivals (see for example the top
red arrow in Fig. 7a,b). This was judged to be from the tran-
sition zonewhere the unconsolidated sediments change from a
dry state to a partially or completely water-saturated state. It is
in general a sharp surface, clearly depicted in the velocity
models being gently dipping towards the low land areas
(Fig. 9). The water table at the time of the seismic survey (S.
Saraperä, Turku Region Water Ltd, personal communication,
2014) is shown as a blue-white dashed line on the tomography
sections and in most places matches well the tomography
results; however, near surface velocities are expected to be
extremely sensitive to the dry/saturated sediments interface
found in the vicinity of the water table, therefore the velocity
model does not follow the water-table boundary in some
areas. This seems to be the case at the NW part of profile 1,
especially at distance 200–300 m where the coarse-grained
and conductive esker fan apex (borehole VI485) is expected
to rise above the water table (Fig. 9a). The fan apex consists of
40m-thick gravel with a 20-m intervening bed of sandy gravel
(73–93 m a.s.l.) that holds the water table. Low velocity areas
observed below the water table may be explained by
dislocated sediments and MUKH structures, as for example
in profile 1 (Fig. 9a) at 400–500 m distance or at 300–400 m
distance along profile 2 (Fig. 9b), as deformed sediments do
not have similar seismic velocity compared with undisturbed
materials. Coarsest sediments are concentrated on the NE end
of the profile 2 where the corresponding low-velocity zone
due to unsaturated sediments is thicker from the contribution
of surface topography (higher elevation). The water table was
observed at 20–40 m depth in this part of the profile.
The bedrock surface is identified in the distinctly high
(>5,000 m/s) velocity regions. For profile 1 (Fig. 9a), three bore-
holes intersect the bedrock (VI485, VI596, V566). Borehole
VI596 hits fractured bedrock, and VI7 ends in gravel-
dominated boulder-rich sediments (Fig. 9a). V566 hits the bed-
rock at 62.8 m a.s.l., while V550 ends in a silty bed at about
62 m a.s.l. The two distinct zones of high seismic velocities (>
5,000 m/s) match well with the bedrock as indicated by bore-
holes VI485 and VI566 near both ends of profile 1 (Fig. 9a).
Bedrock surface can be reliably picked from the tomographic
velocity model. The central part of profile 1 (300–600 m dis-
tance), where still relatively high velocities (> 3,000 m/s) are
observed, represents a major fractured bedrock zone, manifested
itself as a zone of bedrock depression. Velocities around 3,000m/
s indicate fractured/weathered bedrock (Barton 2007). This de-
pression was also suggested by gravity surveys in the study area
(Valjus 2006). For profile 2, boreholes VI282, VI285 and VI252
are drilled down to bedrock, while VI250 and VI6 end in boul-
dery sand and gravel, respectively (Fig. 9b). VI251 indicates a
layer of till at 73 m a.s.l. A major depression in the bedrock is
observed in the central part of the profile, around 300–400 m
distance (Fig. 9b).
Description and interpretation of seismic profile 1
Profile 1 is divided into 4 zones based on the reflection
patterns or large-scale seismic facies (Fig. 10b, c). The
bedrock level in the NW end of the profile (zone 1) is
roughly at 50–60 m a.s.l. The sediments here show cha-
otic and dislocated (deformed) reflections in association
with concave large-scale geometry and comprise a large-
scale seismic facies unit (small MUKH structures) that is
partly in contact with the arched stratified facies and the
bedrock. Seismic facies (Fig. 8) with arched geometry in
contact with the bedrock (ca. 50 m thick at the 200–300 m
distance) indicates the architecture of the esker core as
supported by the borehole data (VI485).
Zone 2 exhibits a steep drop in the bedrock level associated
with vertically dislocated strong reflections at 300–350 m dis-
tance from the line beginning that are related to the highly
fractured margin of the wider fractured bedrock zone. The
reflections within zone 2 indicate coarse-grained materials
but are difficult to interpret; however, the zone can be divided
roughly in two parts. The lower part below 70m a.s.l. contains
sediments filling the fractured zone, whereas the upper part on
the SE side of the esker core contains mainly horizontal
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reflections from stratified sediments with trough-shaped struc-
tures. The seismic facies in the upper part is interpreted as
subaqueous esker fan sediments (Fig. 8).
Zone 3 includes the ca. 200-m-wide bedrock fracture zone,
the bottom of which is at 10–15 m a.s.l. The seismic facies with
strong horizontal reflections varying in thickness (up to 30 m)
above the bedrock extends across the fractured zone (Fig. 8) and
is interpreted as diamicton, probably till, as supported by stratig-
raphy and boreholes VI568 and VI596 within the fractured zone.
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Fig. 10 a Seismic reflection (unmigrated but time to depth converted
using a constant velocity of 1,000 m/s) section along profile 1 with the
projected tomography section on top, including existing borehole data
(indicated with red bars); b the seismic reflection section with
interpreted depositional zones, borehole stratigraphy and indication of
bedrock from the boreholes; c the interpretation of depositional units
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Fig. 9 Seismic refraction tomography sections along a profile 1 and b
profile 2. Boreholes near the profiles are indicated using red bars. Awide
bedrock fracture zone is estimated from 300 to 600 m distance along
profile 1. The depth to bedrock indicated by the boreholes matches well
the increased seismic velocity (> 5,000 m/s). The blue dashed line
represents the water table at the time of the seismic acquisition (July
2014), matching well the velocity transition from 400–500 to 1,500–
1,800 m/s
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facies) consisting of bouldery gravel (VI596) and two esker fan
lobe channels (large trough-shaped weakly stratified facies on its
NW side). The weak boundary separating the facies indicates
similar coarse-grained materials; however, the discontinuous re-
flection between the troughs and partly below the esker core
might indicate the existence of two different diamictons. The
esker fan lobe channels were formed within the bedrock fracture
valley and later covered by subsequent esker fan sediments. The
esker core is about 20 m thick, but the shape of the core is not
distinctly arched due to the diagonal position relative to profile 1.
The shallowest part of zone 3 includes a continuous hori-
zontal reflection at ca. 60–70 m a.s.l. above the esker core and
the large trough-shaped facies, and is partly truncated by the
narrow troughs of zone 2 (subaqueous fan body sediments,
Fig. 8) and overlain by other horizontal reflections in zone 4. It
extends across the fractured bedrock until the unconformity at the
SE-end of the zone, it indicates a change from sandy to bouldery
gravel as observed in borehole VI596 (at 68–73 m a.s.l.) and is
characterized as esker fan sediments (Fig. 10c). An indication of
the water table at 86 m a.s.l. is seen within the fan sediments.
Zone 4 is located outside the fractured bedrock and com-
prises mainly horizontal reflections that are truncated in the
upper part by the about 100-m-wide trough-shaped facies sim-
ilar to those in zone 3. Boreholes indicate sand-dominated
sediments with intercalation of fine-grained sediments close
to the bedrock surface (VI550). The seismic facies of zone 4
are interpreted as esker fan sediments. The trough-shaped fa-
cies represent fan lobe channels.
Description and interpretation of reflection seismic
profile 2
Profile 2 is perpendicular to the esker system and lies across
the coarse-grained hydrogeological unit (main aquifer) at its
widest point in zone 3 (Fig. 1). Based on the bedrock level
interpretation, the thickness of the deposits varies between 40
and 70 m (Fig. 11c). The shallow strong reflection just below
90m a.s.l. at the SW-end of the profile is indicative of the water
table (ca. 88 m a.s.l.) The profile is divided into 5 zones based
on the different reflection characteristics (Fig. 11b, c). The up-
permost part of the profile 2 first shows an erosional unconfor-
mity that is overlain by the topmost shore deposits as observed
from the nearby pit exposures. Starting with zone 2 towards the
northeast, the uppermost part is characterized by a continuous,
moderate-amplitude reflection that is slightly distorted by a
concave unconformity between 800 and 850 m, extending to
the bedrock. This continuous moderate-amplitude reflection
and the overlying homogeneous unit lacking reflectivity are
associated with the last depositional stages of the interlobate
complex covered by the shore deposits.
Zone 1 runs along the tributary esker core (Fig. 1) towards
the northeast following the margin of the bedrock deepening


















































Distal fan / fan lobes
Zone 2
MUKH / fan 
Zone 3
esker cores + proximal fan 
Zone 4





































Distance along profile (m)












  Water table (GW)
  Unconformity
  Fine-grained  
  sediments
  Trough and
   fan lobe channel
  MUKH - structure 
  Dislocated margin
  Esker core 
  Fractured bedrock  








Distal fan / fan lobes
Zone 2
MUKH / fan 
Zone 3
esker cores + proximal fan 
Zone 4



































Fig. 11 a Seismic reflection (unmigrated but time to depth converted
using a constant velocity of 800 m/s) section along profile 2 with the
projected tomography section on top, including existing borehole data
near the profile; b the seismic reflection section with interpreted
depositional zones, borehole stratigraphy and indication of bedrock
from the boreholes; c the interpretation of depositional units and
indication of bedrock from boreholes along profile 2
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at 45–50 m level (Mäkinen (2003b). Gravel-dominated mate-
rials in borehole VI275 (ca. 50 m northwest of the profile)
support the presence of the tributary esker. The reflections
below the water table are mainly horizontal with stronger re-
flections at ca. 60–70 m a.s.l., which correspond to silty sand
(borehole VI282). The silty-sand unit is underlain by a vague-
ly convex package, up to 20 m thick, at 250–350 m distance
along the profile. According to borehole VI282, this reflection
corresponds to sand and stony (bouldery) gravel that is known
to scatter the seismic signal, and thus the underlying bedrock
is not observed as a clear continuous reflection. The upper-
most sediments above the water table consist of horizontal
reflections truncated by 10–15-m-thick and over 100-m-
wide trough-shaped facies (Fig. 8). Zone 1 is interpreted to
represent esker fan sediments. Beds of bouldery gravel at 43–
50m a.s.l. and sand at 50–59m level a.s.l. (VI282) correspond
to lower proximal tributary fan sediments, whereas the upper-
most trough-shaped reflections show cross-bedded fan lobe
channels from the main esker as indicated by the previous
observations from the nearby aggregate pits (Figs. 5a and 8).
However, the detailed understanding of the contact between
the tributary esker fans and the main esker fans remains poor.
Zone 2 is characterized by a major ca. 200-m-wide and
up to 70 m-thick concave feature extending down to bed-
rock (Fig. 8). Comparison with the tomography results
supports the presence of a major low-velocity depression
in this part of the profile (Fig. 11a). The bottom part ap-
pears as a zone lacking reflectivity while the middle part
shows complex and discontinuous/dislocated reflectivity.
The reflections associated with the bedrock geometry form
a seismic facies interpreted as a large MUKH structure
with collapsed/deformed esker fan sediments (illustrated
also in Fig. 5b). These large MUKH structures typically
occur on both sides of the esker core and in many places along
the esker at the margins of the coarse-grained hydrogeological
unit. The reflection seismic section along profile 2 provides
the first reliable evidence for the hypothesized bedrock con-
tact of the large MUKH-structures, which is encouraging.
On the northeast side of the large MUKH-structure, zone 3
shows two arched structures with vague inner reflections sepa-
rated by a large concave geometry seismic facies with reflec-
tions indicating thick stratified beds (Fig. 8). The arched geom-
etry facies at 700 m distance is mainly composed of stony and
sandy gravel as indicated by boreholes VI6 and VI285. This
gravel facies is underlain by a concave geometry with horizon-
tal reflections in the bedrock (Fig. 8). The arched facies are
interpreted as bouldery esker core sediments, where the core
at 700 m represents the known position of the main esker core,
while the core at 550 m is associated with the previously unde-
tected tributary esker core., suggesting that the two esker cores
join a bit further towards the southeast. Based on the deposi-
tional model, the trough-shaped structure between the cores
might be interpreted as a proximal fan structure. Zone 3 forms
the main aquifer of the glaciofluvial complex. The thick con-
cave geometry facies between the esker cores is interpreted as a
proximal fan structure. Horizontal reflections below the main
esker core indicate intense fracturing due to pressurized melt-
water flow in the subglacial tunnel. This is an important inter-
pretation, because it suggests that the aquifer extends down to
bedrock, typical for an esker environment.
Zone 4 is characterized by a large concave geometry seis-
mic facies with vaguely dislocated reflections below the up-
permost continuous intermediate reflection. The eastern side
of the facies shows an unconformity that extends down to
bedrock. The reflections below the unconformity show low-
angle reflections dipping to the NE. The sediments bordered
by the esker core and the concave unconformity are
interpreted to represent the SE-end of a second large MUKH
structure as supported by the previous studies (Mäkinen
2003b). The low-angle sediments on the NE side of the
MUKH structure exhibit undeformed esker fan sediments.
The strong reflector roughly at 90 m a.s.l. indicates the water
table. Bedrock surface is picked up again as a strong reflection
similar to that observed below the esker core within zone 3.
Profile 2 ends close to the highest part of the Säkylänharju
ridge, where zone 5 reveals a marked change in seismic facies
with a set of toplap reflections (Fig. 8) in sandy deposits un-
derlain by diamicton (VI251). The toplap reflections stop at
the uppermost continuous intermediate reflection and resem-
ble large-scale cross-bedding that dip parallel to the main
ridge. These deposits are related to the meltwater flows along
the interlobate crevasse forming the widening of the coarse-
grained hydrological unit (Artimo et al. 2003). The diamicton
below the crevasse deposits might represent mass-flow de-
posits lateral to the esker fan sediments.
Discussion
Due to the complex and heterogeneous subsurface, the depo-
sitional structures at Virttaankangas are characterized by large
vertical velocity gradients over short depths, which is further
complicated when the unconsolidated sediments make the
transition to the water-saturated zone. As the water-table zone
is approached, velocities are especially sensitive and can vary
from just a few hundreds of meter per second to an increase of
four times or more (Bachrach and Nur 1998). Additionally,
the complex depositional environment such as esker cores,
MUKH structures and fan lobe channels as well as the frac-
tured bedrock lead to lateral velocity variations. Even though
in shallow seismic surveys reflections from the water table are
not always common (Steeples and Miller 1998), one can no-
tice these reflections here distinctly in the shot gathers (e.g.
Fig. 7) and with some interruption in the stacked sections as
well. Given the shallow depth of investigation and the char-
acteristic challenges associated with near-surface structures in
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seismic reflection data (Frei et al. 2015), the processing fo-
cused on imaging the rapidly lateral/vertical variations in the
shallow structures above the bedrock. After an extensive ve-
locity analysis during data processing, constant velocities
were used for the final time to depth conversion of the seismic
sections (1,000 m/s for profile 1 and 800 m/s for profile 2).
Some errors are expected (on the order of a few meters) in the
depth position of the reflections given the rapid velocity
change with depth in the study area; however, the refraction
section together with a good knowledge of the depositional
environment from existing data help limit this uncertainty. The
bedrock surface is interpreted from the high amplitude contin-
uous deep reflections even though at places the bedrock re-
flection is lost underneath gravel and sand beds, as the seismic
signal can easily be scattered in such an environment.
The seismic results of the Virttaankangas area confirm the
location and dimensions of the esker core that is the main aqui-
fer and the target for the pumping stations of the MAR plant.
The esker core facies has a distinct arched shape due to esker
deposition in an R-channel (Röthlisberger 1972) resting on hard
crystalline bedrock. The character of the reflections, high am-
plitudes and discontinuous nature, can characterize coarse-
grained sediments that are likely indicative of esker cores
(Pugin et al. 2009a). The results confirm that continuous and
thick till beds below the esker core within the fractured bedrock
zone form poorly conductive sediments that are important for
the groundwater flow model, but it was revealed that the till
beds were partly eroded during the esker deposition lateral to
the main core. This indicates a proximal fan deposition and
wide high conductivity zone within a constrained environment
of the fractured bedrock (Fig. 12a). The position of the tributary
esker along profile 2 is a new finding in this study (Fig. 12b)
and will improve the high hydraulic conductivity close to the
main core. Its position is also supported by very short residence
times for infiltrated water in that area (Aki Artimo, Turku
Region Water Ltd, personal communication, 2016). The new
seismic data also suggest high conductivity in fractured bedrock
structure below the esker core.
Earlier studies indicated the presence of large MUKH
structures on the sides of the esker core with suggested
bedrock contact (Mäkinen 2003b). This study now con-
firms the large dimensions of the MUKH structures and
their contact to bedrock (Fig. 12). The results also show
their complex deformed internal structure restricting the
groundwater flow with increased residence times of the
infiltrated water. These MUKH structures are described in
Fig. 12 The interpreted main esker elements (esker core, fans, MUKH
structures; shown in color) and bedrock characteristics based on profile 1
compared to the earlier research (Mäkinen 2003b; shown in grayscale)
for a profile 1 and b profile 2. Bedrock elevation contours modified from
Valjus (2006)
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the groundwater flow model with specific parameters and
have been used for the artificial infiltration and the creation
of inverse gradients. The fan lobe channels, their lateral
extents and relationship to the highly conductive esker core
were shown with adequate detail in this study. Two previ-
ously unknown fan lobes lateral to the main esker core were
identified within the bedrock fracture zone. The contact
between the secondary esker enlargement deposits and the
esker fans was better identified near the top of the main
ridge, which strengthens the delineation of the wider
coarse-grained hydrogeological unit (Fig 12b).
The novel high-resolution landstreamer seismic survey of-
fered valuable and continuous depth information down to bed-
rock and was capable of detecting main structures associated
with the stratigraphically and hydrogeological relevant units
in complex interlobate esker deposits. Thus, the method is
highly cost-effective over wide study areas with enough
paths/roads, where inadequate sedimentological and litholog-
ical data hinder reliable correlation; furthermore, if the thick-
ness of the deposits exceeds about 40 m or if the surficial
sediments are not suitable for GPR survey (e.g., clay rich
and saturated), the high-resolution seismic method can stand
alone. However, if a more detailed sedimentological under-
standing or local depositional model is needed (e.g. for de-
tailed groundwater flow modeling) the method should still be
combined with GPR surveys if possible. Given that there is
enough space for maneuvering the source, and coupling con-
ditions are fulfilled, a survey could be carried out in a sparse
layout in forests as well, particularly by using wireless re-
corders. Peat bogs or peatlands, and generally thick layers of
soft vegetation, would greatly attenuate the seismic signal and
are known to be challenging environments for seismic surveys
(Miller et al. 1992). They are, however, part of the esker en-
vironments, and studies on MAR require surveys that image
the whole aquifers area (Rossi et al. 2014). GPR measure-
ments are known to successfully image peatlands (Comas
et al. 2004; Lowry et al. 2009) but keeping in mind GPR’s
limited penetration depth, a high-resolution seismic survey
will allow a reliable delineation of the esker systems with
the surrounding wetlands.
As esker cores, esker fans included, can reach up to 500 m
width, and accounting for the surroundings plains, landstreamer
surveys are suitable for efficiently covering long distances.
Streams or springs that require an interruption in the seismic line
are accounted for with wireless recorders that assure continuity in
the survey line. Defining the hydrogeological units of the aqui-
fers from boreholes only and open pits is risky due to uncertainty
in these sparse data that assume continuous units. An entire aqui-
fer can be sampled in one seismic campaign (in 1 week for
example) and a combined geophysical-hydrogeological model-
ling strategy will yield an improved image compared to any of
the approaches taken separately (Rubin et al. 1992). Seismic
sections display continuous profiles of one (or several) kmwhere
complementary data can be overlaid and provide control for the
interpretation.
Conclusions
Two ca. 1-km-long seismic profiles were successfully
acquired over a relatively thick complex and heteroge-
neous glacial environment, at Virttaankangas, Finland.
The 200-m-long prototype landstreamer system was test-
ed for its suitability for hydrogeological characterization
of the complex interlobate esker deposits down to bed-
rock. High quality refraction and reflection seismic data
were acquired in an efficient survey combining the
landstreamer and wireless recorders that proved crucial
in providing information from more than 100 m-thick
bedrock glacial cover. Data processing had to account
for a challenging setting in terms of a deep water table
at certain locations (ca. 40 m) and rapid changes in the
depositional environment. The aquifer features were
identified from a combination of reflection imaging
and refraction tomography results allowing a good con-
trol and complementary interpretation of the results.
Besides the bedrock surface, the refraction seismic
results confirm a zone of fractured bedrock where the
velocities are around 3,000 m/s. The correlation between
the tomography and the reflection seismic sections pro-
vides a good overview of the sedimentary structures
along each profile. Further, the sections are rich in re-
flectivity and hence they allow comparison to the
existing depositional model with a delineation of the
ma in a rch i t ec tu r a l e l emen t s r e l evan t fo r the
hydrogeological model as well as for groundwater flow
modelling down to the bedrock level.
The main findings of this study are valuable for the
future sustainable use of the aquifer and are summarized
as following:
& The cost- and time-effective seismic survey enabled the
characterization of the hydrogeologically relevant large-
scale esker architectural elements that impact the ground-
water infiltration and flow.
& Seismic facies were used to improve the determination of
hydraulic conductivity distribution in the groundwater flow
model down to bedrock level. This also promoted the inte-
gration of scattered geological data for modelling purposes.
& Deep fractured bedrock with complex overlying stratigra-
phy was delineated and the hydraulic connection between
the hydraulically conductive unit and bedrock was shown.
& New data enable accurate planning for future pumping wells
and infiltration areas in the most complex and widest part of
the coarse-grained unit (within the esker core sediments).
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& The combination of seismic and GPR surveys together
with neighboring borehole information within thick and
widespread glaciofluvial deposits provides the best ap-
proach for accurate depositional models with minimized
need for borehole reference.
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